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Pelleting can increase the efficiency of handling and transportation of biomass. Pretreatment obtains lignin fragments by
disrupting the lignocellulosic structure of biomass and ensures the high-quality compressed pellets. In this study, solid-state
fermentation (SSF) is used as a biological method to improve the quality of pellets of oat straw. SSF of oat straw using Trametes
versicolor 52] (TV52]) and Phanerochaete chrysosporium (PC) was conducted. Response surface methodology (RSM) was
employed by using a four-factor, three-level Box-Behnken design with fermentation time (days), moisture content (%), particle
size (mm), and fermentation temperature (°C) as independent parameters. Pellet density, dimensional stability, and tensile
strength were the response variables. The optimization options of fermentation time (33.96 and 35 days), moisture content (70%),
particle size (150 and 50 mm), and fermentation temperature (22°C) of oat straw pretreated with these two fungal strains were
obtained. The microscopic structural changes of oat straw caused by biological pretreatment were investigated by scanning
electron microscopy (SEM). Observation results of SEM showed that the connection between single fibers became relatively loose,

and this was beneficial to improve the physical quality of the pellets.

1. Introduction

With the depletion of fossil fuel resources and the emission
of greenhouse gases, it is urgent to find alternative energy
sources to ensure the access and safety of energy [1-4].
Lignocellulosic biomass straw has the advantages of rich
resources and low cost, which is considered as an important
resource of biofuel production. Among all agricultural
wastes, cereal straw is the largest biomass raw material, with
an annual global output of about 1.5Gt [5, 6].

Due to the irregular shape and low bulk density of dry
state of cereal straw, it is difficult to handle, transport, and
use as fuel. Bulk density of dry barley straw is approximately
40 kg/m” [7, 8]. This leads to high transportation and storage
costs, accounting for more than 35% of biofuel production
expenditures [9, 10]. In addition, the energy content of
biomass in dry state is about half of the coal, which is
16-20 MJ/kg [7].

Compared with baling, densification can increase the
bulk density of the agricultural residue by 7-10 times [11].
Main densification products are cubes, briquettes, and
pellets. Pellet provides higher density and unit volume
energy for biomass than other two kinds of products
[12-14]. Agricultural residues are composed of cellulose,
hemicellulose, and lignin, which are arranged into highly
recalcitrant structure in the plant cell wall [15, 16].
Meantime, there are lots of intramolecular and inter-
molecular hydrogen bonds in straw cellulose, which has a
high degree of crystallinity [17]. The lignin structural units
are mainly connected by carbon-oxygen bonds, and the
carbon-oxygen bonds have high stability to acids, bases,
and enzymes [18]. Through chemical, physical, and bio-
logical pretreatments, the physical quality of pellets can be
improved by changing the structure arrangement of the
agricultural residual cellulose-hemicellulose-lignin ma-
trix [5, 19].
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Traditional physical and chemical methods are the most
commonly used pretreatment technologies, although they
need large energy input and will cause pollution. In general,
they require expensive corrosion-resistant reactors to deal
with a large number of waste streams and treated solids [20].
Pretreatment is a key and expensive step to convert ligno-
cellulosic materials into fuel [14, 21]. Compared with
physical and chemical treatments, microbial treatment of
lignocellulosic biomass has the advantages of less invest-
ment, simple operation, and no pollution to the environ-
ment [22-24]. The hemicellulose and lignin can be destroyed
by various microorganisms to make the cellulose crystal
structure loose [17, 25].

Some microorganisms, for example, white-rot, soft-rot,
and brown-rot fungi are used to conduct biological pre-
treatment to disrupt the fiber structure of biomass [26, 27].
Among them, white-rot fungi are the best in the biological
treatment of straw as they can degrade cellulose, hemicel-
lulose, and lignin approximately, effectively, and equally
(14, 22]. White-rot fungi can break down lignin and alter
lignocellulose structures as their unique enzymatic ma-
chineries, consisting of lignin peroxidase, manganese per-
oxidase, laccase, and versatile peroxidase [28, 29].

Solid-state fermentation (SSF) and submerged liquid
fermentation (SMF) are two kinds of important fungal
pretreatments. Compared with SMF, SSF is more suitable for
many filamentous fungi to really adapt to the natural en-
vironment and has the advantages of low water demand, less
energy and capital consumption, and high renewability and
productivity [30-33].

Presently, many research studies have been focused on
biological pretreatment of lignocellulosic biomass for fur-
ther enzymatic hydrolysis or saccharification [22, 34].
However, the possibility of densification of biomass after
fungal pretreatment is rarely studied. In this study, the
feasibility of using SSF as a biological pretreatment method
to improve the quality of oat straw particles is investigated.
The influence of fungal strain, fermentation time, moisture
content, particle size, and fermentation temperature on the
density, dimensional stability, and tensile strength of
compressed pellets was optimized. Samples of oat straw
pellets both untreated and treated corresponding to the
optimized SSF conditions were studied to determine the
effect of SSF on the biomass particle structure.

2. Materials and Methods

2.1. Oat Straw. The testing material was oat straw of variety
“Caliber” which was collected shortly after harvest and
transferred to the laboratory of University of Saskatchewan
from a field in Willner No. 253, Saskatchewan, Canada
(51.15°N, 106.36°W). After one year’s storage, the moisture
content of oat straw samples was 5.60% w.b. (wet basis),
which was measured by ASAE S358 [35]. The moisture
content tests shall be made in triplicate. Oat straw samples
were cut into 50, 100, and 150 mm sections by a crop straw
cutting machine (Model CTR, Belfast Mini-Mills Ltd.,
Belfast, PE, Canada).
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2.2. Fungal Strains. Wild types of Trametes versicolor 52]
(TV52]) (ATCC 96186) and Phanerochaete chrysosporium
(PC) were used in this study [36]. These two kinds of white-
rot fungi strains were stored as glycerol stocks at —80°C and
grown on Difco Malt Extract Agar (MEA) (Benton Dick-
enson, Sparks, MD).

2.3. Solid-State Fermentation. 10 agar plugs (diameter
0.5 cm) were removed from the edge of the colony growing
on the malt extract agar plate with the wide edge of the
pasteurized straw and then added to the malt extract broth
(MEB) to prepare the fungal liquid preculture. The mixture
was mixed in an Eberbach mixing cup at full speed (3 pulses
per 10 seconds) on the base of a warm water mixer and then
stirred (150 rpm) at room temperature (20-22°C) for 2 days.
The preculture was mixed with MEB (1:5 dilution) to
prepare the SSF culture agent.

In order to avoid the growth of endogenous microor-
ganisms, the substrate (chopped straw) was sterilized at
121°C for 10 minutes [35]. Then, 20 g of sterilized biomass
was placed in the plastic ventilation bag, which was designed
with small holes around so that gas exchange could be
carried out at the same time of keeping sterile and humid
environment. A uniform liquid fungal culture (10 ml) was
inoculated on the substrate and evenly distributed with a
pipette. The moisture content of the culture was adjusted to
60% w.b., 65% w.b., and 70% w.b. with distilled water. The
manual bag sealer was used to close the bags, and they were
incubated at 22, 28, and 34°C for 21, 28, and 35 days. The
effects of these two fungi on oat straw were tested (shown in
Figure 1(a)). After incubation, the corresponding bags were
opened, the chopped oat straw was dried at room tem-
perature for 1-2 days, and then were grinded for densifi-
cation using a grinder (SM1, Retsch Technology GmbH,
Haan, Germany) with 1.6 and 1.0mm sieves (shown in
Figure 1(b)).

2.4. Design of the Experiment. In this study, the coded factor
levels and actual values of independent variables are
shown in Table 1. The analysis of variance (ANOVA) and
the response surface method (RSM) were used to deter-
mine the regression equations expressing the influence of
fermentation time, moisture content, particle size, and
fermentation temperature on density 0 (pellet density
immediately after pelleting), density 1 (pellet density 14
days after pelleting), dimensional stability, and tensile
strength of oat straw samples [37, 38]. The independent
variables (influencing factors) were fermentation time,
moisture content, particle size, and fermentation tem-
perature. Box-Behnken experimental design was used to
design and analyze the experiments by software Design-
Expert. Every independent variable has three selected
levels. After tests, the response variables such as density 0,
density 1, dimensional stability, and tensile strength af-
fected by independent variables could be calculated and
defined as follows:
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FIGURE 1: Solid-state fermentation process of oat straw samples. (a) Pretreatment of samples. (b) Pretreated samples.
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where y, is density 0, kg/m’; y, is density 1, kg/m’; y; is the
dimensional stability, %; y, is the tensile strength, MPa; x, is
the fermentation time, days; x, is the moisture content, %
w.b.; x5 is the particle size, mm; x, is the fermentation
temperature, ‘C; and f, f;, B;;> and f3;; are the regression
coeflicients of intercept terms, linear terms, quadratic terms,
and interaction terms in the equation, respectively.

2.5. Densification of Oat Straw. A single pelleting unit (SPU)
was installed on an Instron tester (Model No. 3366, Instron
Corp., Norwood, MA) which was used to densify the bio-
logical pretreated oat straw [6]. There were a fixed steel
cylindrical die and a moving plunger connected with the
upper crosshead which supported 4 kN load to compress the
oat straw at a speed of 50 mm/min. A heating element was
entwined out of the die to provide required heat (95 + 0.3°C)
[2]. About 0.50 g of pretreated crushed oat straw was put into
the die before pelleting. Five pellets were compressed for
each kind of treated straw and were stored at room
temperature.

2.6. Density and Dimensional Stability of the Pellet. The
density of the oat straw pellet was the quotient of mass and
volume which could be obtained by measuring the values of
mass, length, and diameter of pellets by a JJ-200Y high-
precision electronic balance (measurement accuracy is
0.01 g) and a 125MEA-6/150 Vernier caliper. After 14 days of
pelleting, the dimensional stability of the pellets could be
used to evaluate the volume change. The calculation formula
of dimensional stability of pellets is shown as follows:

TaBLe 1: Coded levels for influencing factors used in the
experiment.

Code Factor

zZ; x; (d) x, (%) x5 (mm) x, (°C)
1 35 70 150 34
0 28 65 100 28
-1 21 60 50 22
Aj 7 5 50 6

z; is the level of each influencing factor.

Vol,, — Vol,

Dimensional stability = [ Vol
Oly

] x 100%, (2)

where Vol, is the volume of pellets right after pelleting, mm”

and Vol,, is the volume of pellets 14 days after pelleting,
3

mm”.

2.7. Tensile Strength of the Pellet. According to the diametral
compression experiment carried out with the Instron tester,
tensile strength of the pellet was measured [6]. Before the
experiment, the pellets were cut into 2.5 mm thick specimens
with a scalpel along the diameter. Each sample was laid on its
edge and compressed with 1kN load force by an upper
plunger at 1 mm/min until failure occurred. The forces
which divided the specimens into halves along the loading
axis were adopted. Each sample carried out 5 repeated ex-
periments. The calculation formula of tensile strength of
pellets is shown as follows:

2F
0, =—, 3
* ndl (3
where 6, is the tensile (horizontal) stress, MPa; F is the load
at fracture, N; d is the specimen diameter, mm; and [/ is the
specimen length, mm.



2.8. Scanning Electron Microscopy (SEM) of Oat Straw
Samples Produced the Pellets with the Highest Tensile
Strength. SEM (G2 Pure, Manufacturer: Phenom-World,
Eindhoven, Netherlands) was used to observe the changes
of the surface structure and cross section of pretreated and
untreated oat straw [39, 40]. Before SEM observation, the
oat straw samples were coated with gold for 120s with a
gold sputtering coater (Edwards S150B, North Walsham,
UK).

3. Results and Discussion

The experimental results are shown in Table 2. The average
tensile strength of pellets made from oat straw pretreated with
TV52] and PC varied from 0.169 to 0.362 MPa and 0.147 to
0.279 MPa, respectively. Meanwhile, the dimensional stability
of pellets ranged between 0.88% and 4.26% and 0.58% and
4.68%; pellet density 1 ranged between 986 and 1063 kg/m’
and 960 and 1057 kg/m>; and pellet density 0 ranged between
1,002 and 1,076 kg/m” and 984 and 1,075 kg/m®, respectively.

3.1. Analysis of Variance. After stepwise regression, the
analysis of variance (ANOVA) of density 0, density 1, di-
mensional stability, and tensile strength influenced by fer-
mentation time, moisture content, particle size, and
fermentation temperature is summarized in Tables 3 and 4.
P values of all response variables’ models were no more than
0.05 which meant that all models were significant. Mean-
time, P values of all response variables’ lack of fits were more
than 0.05 which meant that all models fitted the data well.

The fermentation time had extremely significant influ-
ences on density 0 of pellets produced with TV52] and PC
pretreated oat straw and density 1 and tensile strength of
pellets produced with PC pretreated oat straw and significant
influences on dimensional stability of pellets produced with
TV52] and PC pretreated oat straw and tensile strength of
pellets produced with TV52] pretreated oat straw. The
moisture content had extremely significant influences on
density 0 and tensile strength of pellets produced with PC
pretreated oat straw and significant influences on dimen-
sional stability of pellets produced with TV52] pretreated oat
straw. The particle size had significant influences on di-
mensional stability of pellets produced with TV52] pre-
treated oat straw. The fermentation temperature had
extremely significant influences on all responses except the
dimensional stability of pellets produced with PC pretreated
oat straw.

3.2. Effect of Independent Variables on All Responses for Two
Kinds of Fungal Strains. The results in Tables 3 and 4 show
that the models could enough describe the response surface
of pellet’s density 0, density 1, dimensional stability, and
tensile strength. The response surface models of optimiza-
tion and prediction were considered feasible. The final re-
gression models of the response variables and the
corresponding multiple determination coefficients (R?) are
shown in Table 5.
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According to the results of Tables 3-5, the interaction
effects of independent variables on all responses of pellets
produced with the oat straw pretreated by TV52] and PC
generated by Design-Expert software are shown in Figures 2
and 3.

According to Figure 2, for the pellets produced by the oat
straw pretreated with TV52], density 0 increased with in-
creasing of particle size under conditions of long fermen-
tation time, high moisture content, and low fermentation
temperature, and it decreased with increasing of particle size
under conditions of short fermentation time, low moisture
content, and high fermentation temperature; the tensile
strength increased at high moisture content and decreased at
low moisture content with increasing of particle size, and it
increased at big particle size and decreased at small particle
size with increasing of moisture content.

According to Figure 3, for the pellets produced by the oat
straw pretreated with PC, density 0 generally increased at
high moisture content and decreased at low moisture
content with increasing of fermentation time, and it in-
creased at long fermentation time and decreased at short
fermentation time with increasing of moisture content;
density 0 increased at any particle size with decreasing of
fermentation temperature, and it increased at high fer-
mentation temperature and decreased at low fermentation
temperature with increasing of particle size; and the di-
mensional stability increased at high fermentation tem-
perature and decreased at low fermentation temperature
generally with increasing of fermentation time, and it in-
creased at long fermentation time and decreased at short
fermentation time with increasing of fermentation
temperature.

3.3. Optimal Combination Solution. The optimal goals are
obtaining maximized density 0, density 1, tensile strength,
and minimized dimensional stability which are shown in
Table 6. Tensile strength of the pellet was a good indicator of
the physical resistance of pellets to the forces during han-
dling and transportation, and this property was the most
important response variable. Low value of dimensional
stability of the pellet meant good handling and less dust
generation [6], and it was the second most important re-
sponse variable. High values of density 1 and density 0 were
also desirable properties for pellet treatment. For the goals
related to the response variables, the independent variables,
such as fermentation time, moisture content, particle size,
and fermentation temperature were placed “in range.”

The top two optimization results of responses of pellets
produced by the oat straw pretreated with two kinds of
fungal strains are presented in Table 7. For the pellets
produced by the oat straw pretreated with TV52], 33.96 days
fermentation time, 70% moisture content, 150 mm particle
size, and 22°C fermentation temperature were chosen to be
the best fermentation conditions due to the high tensile
strength of 0.395 MPa, low dimensional stability of 1.071%,
high density 1 of 1,070 kg/m>, and density 0 of 1,104 kg/m>.
For the pellets produced by the oat straw pretreated with PC,
high tensile strength of 0.294 MPa, low dimensional stability
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TaBLE 2: Physical properties of oat straw pellets based on the Box-Behnken experimental design.

) Responses
Variables . .
Runs Fungi: TV52] Fungi: PC
X1 (d) X (%) X3 (mm) Xy (QC) (kg/lm3) (kg};§n3) V3 (%) Y4 (Mpa) (ng//;n3) (kg)//in:i) V3 (%) 2 (MPa)
1 1 0 -1 0 1,044 1,009 1.68 0.265 1,041 1,016 1.32 0.229
2 1 1 0 1,051 1,026 1.70 0.275 1,052 1,010 2.08 0.238
3 -1 1 0 0 1,009 991 1.83 0.248 984 975 1.33 0.179
4 -1 -1 0 1,047 1,022 2.06 0.256 1,025 999 0.89 0.214
5 1 0 0 -1 1,063 1,029 1.17 0.295 1,075 1,057 0.58 0.271
6 0 0 0 0 1,029 991 2.80 0.239 1,045 1,036 1.58 0.260
7 0 0 0 0 1,039 1,032 2.69 0.210 1,037 1,022 4.63 0.233
8 -1 0 1 0 1,002 986 2.96 0.185 1,005 985 0.87 0.190
9 1 0 -1 1,071 1,045 1.29 0.325 1,060 1,025 3.02 0.245
10 1 0 0 1 1,040 1,008 1.52 0.244 1,031 1,019 3.67 0.232
11 -1 0 0 -1 1,052 1,030 2.05 0.259 1,020 1,001 1.72 0.198
12 0 -1 1 0 1,032 1,030 1.58 0.184 1,044 1,021 3.37 0.237
13 0 0 1 -1 1,076 1,063 1.44 0.362 1,053 1,022 2.66 0.268
14 -1 0 0 1 1,028 1,005 4.26 0.198 996 962 0.92 0.192
15 0 0 -1 -1 1,049 1,023 0.88 0.262 1,071 1,034 2.40 0.279
16 0 -1 0 1 1,025 997 2.77 0.217 1,033 993 4.12 0.186
17 -1 -1 0 0 1,012 991 3.58 0.221 991 960 1.15 0.147
18 0 0 1 1 1,011 1,000 3.97 0.197 1,047 1,007 4.68 0.217
19 0 -1 0 -1 1,066 1,041 2.43 0.277 1,046 1,016 3.19 0.240
20 -1 0 -1 0 1,031 999 1.47 0.229 989 972 1.83 0.187
21 0 0 -1 1 1,035 1,000 1.61 0.169 1,029 985 2.51 0.215
22 0 1 0 1 1,036 993 1.97 0.182 1,047 998 2.98 0.235
23 1 0 1 0 1,054 1,016 3.06 0.284 1,040 1,019 3.03 0.237
24 1 -1 0 0 1,037 995 1.63 0.243 1,022 1,007 2.06 0.183
25 0 1 -1 0 1,024 1,016 0.92 0.214 1,051 1,034 2.28 0.245
26 1 1 0 0 1,036 1,003 1.18 0.228 1,065 1,034 1.80 0.257
27 0 0 0 0 1,027 995 3.22 0.227 1,031 1,002 2.62 0.207
28 0 0 0 0 1,034 991 1.56 0.252 1,040 1,020 1.85 0.226
29 0 0 0 0 1,035 1,010 2.40 0.280 1,032 1,004 1.43 0.206
TaBLE 3: Coefficient values of the fitting model for different responses of oat straw pellets pretreated with TV52].
Response variable Source df Sum of squares Mean squares F value P value
Model 14 8079.23 577.09 7.56 0.0003
X, 1 1664.51 1664.51 21.81 0.0004
Xy 1 3352.36 3352.36 43.93 <0.0001
Density 0 X1 X3 1 365.19 365.19 4.79 0.0462
X5X3 1 462.25 462.25 6.06 0.0275
X3Xy 1 639.33 639.33 8.38 0.0118
xﬁ 1 1266.17 1266.17 16.59 0.0011
Lack of fit 10 975.30 97.53 4.19 0.0900
Model 14 7815.07 558.22 2.84 0.0304
Density 1 x% 1 4384.98 4384.98 22.28 0.0003
Xy 1 1294.49 1294.49 6.58 0.0225
Lack of fit 10 923.37 92.34 0.50 0.8297
Model 14 16.66 1.19 2.80 0.0318
X, 1 291 291 6.86 0.0202
S T m
Xy 1 3.90 3.90 9.18 0.0090
Lack of fit 10 4.41 0.44 1.15 0.4846
Model 14 0.042 0.003 3.64 0.0107
X 1 0.004 0.004 4.79 0.0460
Tensile strength Xy 1 0.027 0.027 32.81 <0.0001
XyX3 1 0.004 0.004 5.30 0.0371

Lack of fit 10 0.009 0.0009 1.27 0.4421
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TaBLE 4: Coeflicient values of the fitting model for different responses of oat straw pellets pretreated with PC.

Response variable Source df Sum of squares Mean squares F value P value
Model 14 14983.37 1070.24 26.34 <0.0001

X 1 6960.08 6960.08 171.31 <0.0001

X, 1 805.24 805.24 19.82 0.0005

Xy 1 1673.24 1673.24 41.18 <0.0001

Density 0 XX, 1 643.89 643.89 15.85 0.0014
X3Xy 1 327.43 327.43 8.06 0.0131

x% 1 2616.91 2616.91 64.41 <0.0001

xi 1 764.54 764.54 18.82 0.0007

Lack of fit 10 435.63 43.56 1.31 0.4280

Model 14 13279.73 948.55 8.15 0.0002

X, 1 7333.44 7333.44 63.02 <0.0001

Density 1 Xy 1 3107.30 3107.30 26.70 0.0001
x? 1 1219.17 1219.17 10.48 0.0060

Lack of fit 10 923.37 92.34 0.52 0.8148

Model 14 25.06 1.79 2.65 0.0396

N o XX, 1 378 378 5.59 0.0330
Dimensional stability X 1 5.79 5.79 8.57 0.0110
Lack of fit 10 2.54 0.25 0.15 0.9936

Model 14 0.024 0.002 5.79 0.0011

X, 1 0.008 0.008 28.66 0.0001

Tensile strength X 1 0.003 0.003 10.58 0.0058
Xy 1 0.004 0.004 14.40 0.0020

x% 1 0.003 0.003 10.97 0.0051

Lack of fit 10 0.002 0.0002 0.43 0.8744

of 1.14%, high density 1 of 1,068 kg/m>, and density 0 of
1,108 kg/m’ could be achieved with fermentation conditions
of 35 days fermentation time, 70% moisture content, 50 mm
particle size, and 22°C fermentation temperature.

The optimal values of moisture content and fermenta-
tion temperature of oat straw pretreated with TV52] and PC
were very similar. Asgher et al. [41] carried out the solid-
state cultivation on corn cobs with PC in moisture content
ranging between 40% and 90% and found that strongest
ligninase activity occurred at 70% moisture content con-
dition. Shi et al. [42] conducted cultivation on cotton stalks
by PC; 27.6% lignin degradation was obtained at 75%
moisture content in the substrate, which was about 7%
higher than that at 65% moisture content. Generally, high
moisture content was beneficial to the formation of fungal
mycelium but not necessarily to the increase of delignifi-
cation [43]. Temperature ranging from 25 to 30°C was
optimal for high delignification rate of white-rot Basidio-
mycetes [44, 45]. Wan and Li [46] investigated the influence
of temperature on pretreatment of corn stover by C. sub-
vermispora within a temperature ranging between 4 and
37°C and found 28°C was the optimal temperature for
boosting enzymatic digestibility to corn stover.

There were some differences about optimized fermen-
tation time of oat straw pretreated with TV52] and PC, and
the time was 33.96 and 35 days, respectively. Rudakiya and
Gupte [47] pretreated two Indian hardwoods by Pseudola-
garobasidium acaciicola AGST3 and Tricholoma giganteum
AGDRI1 and reported that lignocellulosic decomposition
activity of two kinds of fungi would decrease after 30 days.
Generally, the high degree of lignin degradation could be
obtained after several weeks to months. Research studies

indicated that a few days to weeks were enough for PC to
realize vigorous degradation without distinction of lignin
and holocellulose, which was not beneficial for biofuel
production [48, 49, 50]. There existed significant differences
in optimal values of particle size for two kinds of pretreated
fungal strains. Wan and Li [46] carried out the pretreated
corn stover with Ceriporiopsis subvermispora and showed
that the microbial delignification of the corn stover was
12.83-24.90% and 19.48-31.59% when the particle sizes
were 15mm and 5 mm, respectively. Gao et al. [51] carried
out the granulation test of corn straw. The results showed
that the highest compressive strength of pellets produced
with straw treated by PC was 0.261 MPa , which was 1.72
times of the pellets without pretreatment, and the corre-
sponding pretreatment conditions was 30 days fermentation
time and 50 mm particle size. Generally, before densifica-
tion, in order to obtain better pretreatment effect, reduction
in the particle size was crucial for increasing the surface area
of lignocellulosic biomass [52, 53].

3.4. SEM of Untreated and Treated Oat Straw. Tensile
strength was the most important physical property for
pellets. SEM images of untreated and treated oat straw were
used to test the influence of biological pretreatment on the
tensile strength of pellets. The oat straw materials used for
SEM were taken from runs 13 and 15 (in Table 2) that were
pretreated with TV52] and PC, respectively. Figures 4(a)-
4(c) and 5(a)-5(c) showed the longitudinal sections of oat
straw samples before and after pretreatment. As shown in
Figures 4(a) and 5(a), the outer and the inner surface
structure of untreated oat straw were all smooth, but the
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FIGURE 2: Interaction effects of independent variables on the responses of pellets produced by the oat straw pretreated with TV52.
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FIGURE 3: Interaction effects of independent variables on the responses of pellets produced by the oat straw pretreated with PC.
(a) Interaction between moisture content and fermentation time on density 0. (b) Interaction between fermentation temperature and
particle size on density 0. (c) Interaction between fermentation temperature and fermentation time on the dimensional stability.

TaBLE 6: Optimization objectives of variables in the experimental pelleting of pretreated oat straw.

Variable Goal

Independent

Fermentation time (d)

Moisture content (% mass fraction)
Particle size (mm)

Fermentation temperature (°C)
Response

Level of importance

In range (21 to 35)
In range (60 to 70)
In range (50 to 150)
In range (21 to 34)

Density 0 (kg/m3 ) Maximize Fourth
Density 1 (kg/m?) Maximize Third
Dimensional stability (%) Minimize Second
Tensile strength (MPa) Maximize First
TaBLE 7: Optimum conditions for producing oat straw pellets pretreated with TV52] and PC.
Moisture . . . . .
. Particle Fermentation Density Density .. . Tensile
Fungal Fermentation  content . Dimensional o
strains Number time (d) (% mass size temperature 0 1 stability (%) strength  Desirability
0 o 3 3 0
fraction) (mm) ("C) (kg/m”)  (kg/m”) (MPa)
Untreated 979 968 1.14 0147
TV52) 1 33.96 70.00 150.00 22.00 1,104 1,070 1.07 0.395 0.844
2 33.43 70.00 150.00 22.00 1,103 1,070 1.05 0.394 0.842
PC 1 35.00 70.00 50.00 22.00 1,108 1,068 1.14 0.294 0.817
2 35.00 69.96 50.78 22.00 1,107 1,067 1.13 0.293 0.816

organization of the latter was relatively loose and irregular.
Figures 4(b) and 4(c) and 5(b) and 5(c) show that the ex-
terior and interior structures of oat straw with pretreatment
appeared large changes, such as loose surface, curved cracks,
and expanded specific surface area. After biological pre-
treatment, parts of lignin, cellulose, and hemicellulose on the
surface of oat straw were degraded, and the connections
between single fibers became relatively loose which was
beneficial to improve the quality of the compressive pellets.
Similar results were proposed by Jiang et al. [39], Pan et al.
[40], and Gao et al. [54].

Figure 6(a) shows that the cross-section microstruc-
ture of untreated oat straw had lots of fibrous tissue cells
appeared in the cavity and interlinked which formed a
honeycomb structure. Figures 6(b) and 6(c) show that the
honeycomb structure of treated oat straw was destroyed
because the lignin and hemicellulose used to connect the
single fibers were largely removed or loosened. Shi et al.
[49] investigated the solid-state cultivation on cotton
stalks with PC and found the amount of lignin decreased
35.33%. The degradation of lignin by different microor-
ganisms has been widely studied, and the results showed
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FIGURE 4: SEM images of the outer surface of the untreated and treated oat straw (x2,000 times). (a) Untreated. (b) Treated with TV52].
(c) Treated with PC.

(b) ()

FIGURE 5: SEM images of the inner surface of the untreated and treated oat straw (x2,000 times). (a) Untreated. (b) Treated with TV52].

(c) Treated with PC.
(b) (o)

FIGURE 6: SEM images of cross section of the untreated and treated oat straw (x2,000 times). (a) Untreated. (b) Treated with TV52].
(c) Treated with PC.
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that inoculating lignin-degrading bacteria could accel-
erate the composting process and improve the composting
quality [55].

4. Conclusions

The Box-Behnken design experiment taking fermentation
time (days), moisture content (%), particle size (mm), and
fermentation temperature (°C) as independent parameters
was used to predict tensile strength, dimensional stability,
and pellet density of oat straw pellets pretreated by two
fungal strains. The model was established, and variance
analysis was carried out. Fermentation temperature signif-
icantly affected all the responses, and fermentation time
significantly affected all the responses except density 1 of
pellets produced by the oat straw pretreated with TV52].
Moisture content and particle size had significant effects on
only 3 responses of pellets produced by oat straw pretreated
with two fungal strains.

RSM was used to optimize all the pretreatment pa-
rameters for each fungal strain using selected response
variables. The optimal combination for making oat straw
pellets produced by the pretreated oat straw with two kinds
of fungal strains showed that a long fermentation time (33.96
and 35 days), high moisture content (70%), and low fer-
mentation temperature (22°C) were advantageous physical
qualities of pellets. However, the influence of particle size
depended on the fungal strain adopted. The optimized
particle size of oat straw with pretreatment of TV52] was the
biggest at 150 mm, and the optimized fermentation time of
oat straw with pretreatment of PC was the smallest at 50 mm.
Microscopic analysis showed that the connection between
single fibers became relatively loose after pretreatment,
which was advantageous to improve the quality of pellets.
This research provided experience of solid-state fermenta-
tion on how to enhance the oat straw compressed pellet
quality.
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